Abstract: We present a new extraction method for opal phytoliths, which has high potential to support qualitative analyses of the unaltered properties of single opal phytoliths. Opal phytoliths have to remain in their original solution or an equivalent to protect their amorphous (SiO2nH2O) molecular structure. Fresh leaf material was heated in distilled water in a microwave oven for 3-4 hours, stirred and then strained through a plankton sieve (50-µm mesh). After purification, the plant tissue matrix was successfully degraded. Single opal phytoliths of Phragmites australis and Arundo donax as well as cell debris were isolated.
Introduction
Silicon (Si) is the second most abundant element in the earth's crust after oxygen (28% vs. 47%). In nature Si exists mostly as silicon dioxide and is available to plants as silicic acid. Large accumulations of Si are found in the Poaceae and Cyperaceae plant families, which have Si contents of > 4% (Currie & Perry 2007) .
In plant tissues, opal phytoliths form as silicic acid polymerises to silica gel and finally deposits in intracellular or extracellular spaces (Prychid et al. 2004; Piperno 2006) . The amorphous structure (SiO 2 nH 2 O) of opal phytoliths results from a biological and physical process that is not yet well understood (Runge 2000) . Rosen & Weiner (1994) classified the silicified cells as single-celled opal phytoliths (amorphous or silica phytoliths) or multi-celled opal phytoliths (silica skeletons). They appear primarily in the epidermal tissue of leaves and stems, where transpiration induces a loss of water, which in turn increases the concentration of silica (Blackman 1968; Piperno 1998; Curry & Perry 2007) .
Two principal methods have been developed to extract opal phytoliths (Jones & Milne 1963; Bowdery 1989; Runge 2000; Parr et al. 2001b; Piperno 2006) : the dry ashing method and the wet oxidation method.
The dry ashing method utilises high temperatures. Plant material is placed in porcelain crucibles in a muffle furnace and heated to 400-800
• C for 2-6 h (Runge 2000; Piperno 2006) . Several authors have reported modifications of the structure and surface of opal phytoliths after dry ashing, including changes in the refractive index, shrinkage and warping (Bowdery 1989; Runge 2000; Parr et al. 2001b; Pironon et al. 2001) . Pironon et al. (2001) found that the structure of opal phytoliths was modified when they were heated to approximately 400
• C because of water diffusion from the surface layers. Jones & Milne (1963) observed that opal phytoliths were transformed into cristobalite (polymorph of quartz) if sodium, potassium or calcium were present and temperatures were above 573
• C (Bowdery 1989; Runge 2000) . Taken together, these findings suggest that the dry ashing method largely changes the physical properties of opal phytoliths.
The wet oxidation method uses a cocktail of different mineral acids to digest the plant material. For example, Schulze's solution is a combination of concentrated nitric acid and potassium chlorate or sodium chlorate, which is added to a boiling water bath for ca. 5 h to break down plant tissues (Runge 2000) .
Both the dry ashing and wet oxidation methods are widely used for the preparation of reference phytolith collections used for the reconstruction of past environments. These reference phytolith collections are used in palaeo-and archaeobiology to identify and classify plant remains in extant soils.
The use of phytoliths in plant cell physiology research is becoming increasingly popular and the tradi- To understand the structure, chemical composition and qualitative characteristics of opal phytoliths in detail, morphologically intact phytoliths are needed. Therefore, opal phytoliths must be kept in their original or equivalent solution to preserve their molecular structure.
We describe a new native extraction method that does not use acidic chemicals or high temperatures to break down plant tissues. The advantages for our method are that chemicals, like mineral acids are cheap, health and safety protection for the laboratories are minor and the clarification of the disposal is easy. Therefore our method is cheap and effectively working more cost effectively than previous methods. The focus of this research is to separate the plant tissue into small groups of cells and single silicified cells (opal phytoliths). Using our method, the opal phytoliths remain in solution during the whole procedure, which preserves their molecular structure.
Material and methods

Plant material
Arundo donax L. and Phragmites australis (Cav.) Steud. were grown from root fragments in a greenhouse with 12 h of light per day for ten weeks in the spring season. The plant material was provided by the Botanical Garden of the University of Hamburg. The plants were manually watered twice a week with 15 mL of stock solution diluted in 1 L distilled water as described by Grundhöfer (1994) (for details see Table 1 ). Silica, SiO2:Na2O (7.3 or 36.5 mg L −1 ), and iron, NaFe(III)hydrate (54 mg L −1 ), were added to the working solution. The pH of the solution was adjusted to 5.8-6.0 with hydrochloric acid and potassium hydroxide.
Opal phytolith extraction
The leaves and stems were cut into 0.5-cm pieces. Distilled water (250 mL) was added to 5-10 g of fresh plant material, and the mixture heated for 3-4 h in a kitchen microwave oven (Micromat 125/135, AEG, Nürnberg, Germany) at 850 W. Distilled water was added to the samples every 30 min.
The samples were stirred and strained through a plankton sieve (50 µm mesh). Sodium azide was added to a final concentration of 0.02 % (w/v) to preserve the tissue. The samples were subsequently filtered through a 10-ml syringe filled with 80-120 mg cotton, to separate cell debris from opal phytoliths, which remained in the liquid phase.
Morphological inspection of the phytoliths
The extracted suspension of opal phytoliths in distilled water was examined using a BX51 Olympus microscope with a XC50 camera and the software cell*A 5.1 (Olympus Europa Holding GmbH, Hamburg, Germany).
Results
Opal phytoliths were successfully extracted from both Arundo donax (Figs 1a,b) and Phragmites australis (Figs 1c,d ). The plant tissue was degraded and appeared as plant residue on the microscope slides. The Table 1 . Stock solution according to Grundhöfer (1994 opal phytolith size ranged from 19.5 µm (Fig. 1b) to 25 µm (Fig. 1a) and from 10.5 µm (Fig. 1c) to 13.8 µm (Fig. 1d) for Arundo donax and Phragmites australis, respectively. On a microscopic slide a raw amount of at least 20 opal phytoliths were present. All opal phytoliths remained in distilled water throughout the extraction procedure. This method was suited to extract and examine single opal phytoliths for identification and comparative purposes. The enrichment of opal phytoliths could be reached with bigger values of plant material for cooking. More plant material leads to a bigger yield of opal phytolith output.
However the following steps are still tested. First positive results can be obtained using some optimizing steps like using an industrial mixer (e.g. ultra thurax or grinder). After the extraction procedure the samples could be better purified with a system of different plankton sieves containing different meshes ranged from 40 to 80 µm. The addition of distilled water could be helpful to drain the opal phytoliths through the meshes (Braune et al., unpublished data) .
Discussion
Opal phytoliths from Arundo donax and Phragmites austalis were successfully extracted from the plant tissue matrix using the new method presented in this study.
Importantly, and contrary to previously described methods (i.e. Runge 2000; Parr et al. 2001b; Piperno 2006 ) the opal phytoliths from Arundo donax and Phragmites australis (Fig. 1a-d) were kept in aqueous suspension throughout the procedure to restrict the loss of water. Piperno (2006) suggests that the water content of opal phytoliths ranges from 4-9 %.
The microwave oven creates an electric-magnetic field with a frequency of 2.45 GHz and a wavelength of 12.24 cm. The plant tissue samples absorb microwave energy and convert it into heat. The suspension of distilled water and plant material with dipoles and ions, primarily in water, align their molecular structure in the applied oscillated field, and energy is lost in form of heat through their molecular friction and dielectric loss (Kappe 2004) . In our samples, microwaves will be absorbed by the distilled water first, which will prevent the loss of water in the amorphous opal phytoliths. Morphological changes, such as shrinkage and warping, that result from the microwaves were not apparent after microscopic inspection. The traditional wet oxidation method is difficult and complicated because harsh chemicals are used to digest the plant material (Parr et al. 2001a,b) . Herein, the digestion will be induced by acids and means oxidation. Often, that digestion is incomplete and the procedure leads to retry or the method should be changed (Runge 2000) . Furthermore Parr et al. 2001a described a microwave digestion method to extract opal phytoliths. But compared with our native extraction method they started with dried plant material and used chemical acids, like nitric acid, for digestion.
The traditional dry ashing method is a technique based on spodograms. Our extraction method produces a small yield and is suited for analysis of single opal phytoliths and their individual properties, i.e., their chemical compositions.
Phytolith research in physiology is well established and requires morphologically intact phytoliths (Parr et al. 2001b ). Our new extraction method has the potential to support the qualitative analyses of the unaltered properties of single opal phytoliths.
